We report in situ measurements of magnetoelastic coupling, B 2 , and stress, , in Co 35 Pd 65 alloy films epitaxially grown on a Cu/Si͑001͒ substrate in a thickness range of 1-10 ML by means of a highly sensitive optical deflection-detecting system. It was found that the value of B 2 increases from 0.72ϫ10 7 J/m 3 at 2 ML to 3.31ϫ10 7 J/m 3 at 10 ML. A second-order strain correction of B 2 ϭB b ϩC 1 ⑀ϩC 2 ⑀ 2 rather than a first-order one of B 2 ϭB b ϩC 1 ⑀ provides a better fit for the observed behavior of B 2 versus film strain, ⑀, where B b is the bulk value. The relationship between B 2 and ⑀ observed in the present study reveals that the second-order correction is crucial for understanding the dependence of B 2 on ⑀ in an ultrathin regime.
We report in situ measurements of magnetoelastic coupling, B 2 , and stress, , in Co 35 Pd 65 alloy films epitaxially grown on a Cu/Si͑001͒ substrate in a thickness range of 1-10 ML by means of a highly sensitive optical deflection-detecting system. It was found that the value of B 2 increases from 0.72ϫ10 7 J/m 3 at 2 ML to 3.31ϫ10 7 J/m 3 at 10 ML. A second-order strain correction of B 2 ϭB b ϩC 1 ⑀ϩC 2 ⑀ 2 rather than a first-order one of B 2 ϭB b ϩC 1 ⑀ provides a better fit for the observed behavior of B 2 versus film strain, ⑀, where B b is the bulk value. The relationship between B 2 and ⑀ observed in the present study reveals that the second-order correction is crucial for understanding the dependence of B 2 One of the fascinating recent studies in the area of ultrathin ferromagnetic films is the investigation of magnetoelastic ͑ME͒ properties since experimental and theoretical research has revealed a significant ME contribution to the magnetic properties in ultrathin magnetic films. [1] [2] [3] [4] [5] [6] It is expected that ME coupling in a few monolayers ͑ML͒ can be quite different from the bulk value. 7 The observation of the surface contribution of ME coupling and its strain dependence is thus needed to better understand its behavior in ultrathin magnetic films in the ML regime. [7] [8] [9] However, there are a limited number of studies of the ME coupling of ultrathin films because a highly sensitive measurement apparatus and structurally well-defined system are still lacking.
In this letter, we have investigated the ME properties of Co 35 Pd 65 alloy films epitaxially grown on a Cu/Si͑001͒ substrate via in situ stress and ME coupling measurements with a submonolayer sensitivity. CoPd alloy films selected as a prototype system are known to exhibit an extremely large negative magnetostriction coefficient of ϳϪ1.5ϫ10
Ϫ4 at room temperature and to grow epitaxially on Si͑111͒ or MgO͑100͒ substrates. 10, 11 The alloy system is not only ideal to investigate ME properties in the ML regime, but it is also attracting wide attention for applications to high-density perpendicular magnetic and magneto-optical recording media due to its perpendicular magnetic anisotropy and/or large Kerr rotation. 12, 13 The present study was performed in an ultrahigh vacuum ͑UHV͒ chamber equipped with a highly sensitive optical deflection-detecting system for in situ ME coupling and stress measurements, a submonolayer-resolution surface magneto-optical Kerr effects measurement system, and a reflection high energy electron diffraction ͑RHEED͒ imaging system. The samples were grown at ambient temperature on Si͑001͒ wafers 25 m thick, 15 mm long, and 3 mm wide. The substrates were cleaned chemically using 10% HF solution to prepare H-terminated Si͑001͒ surfaces before their introduction into the UHV chamber. Prior to the deposition of the Co 35 Pd 65 alloy film, 1000 Å Cu was pre-deposited as a buffer layer to provide a flat ͑001͒ surface helping the epitaxial growth of the Co 35 Pd 65 film. During the deposition of the layer, the surface structure was continuously monitored by RHEED. Co 35 Pd 65 alloy films were prepared by coevaporation of Co and Pd from corresponding e-beam evaporator sources under a base pressure of 7ϫ10 Ϫ11 Torr. The pressure remained at better than 1.0ϫ10 Ϫ10 Torr during the deposition. A typical growth rate of the alloy films was 1.79 Å/min.
We have confirmed that our Co 35 Pd 65 alloy film grown on Cu/Si͑001͒ substrate had an epitaxial structure by RHEED study. the course of film preparation. As shown in Fig. 1͑a͒ , the RHEED result of a Si͑001͒ substrate along the electron beam incident in the ͗100͘ azimuth displays sharp spots and Kikuchi lines, indicating its clean and ordered surface. Upon the deposition of a 100-Å-thick Cu on the Si͑001͒, broad and diffuse spots along the ͗110͘ azimuth appear, and then they turn into sharp and elongated spots ͑or streaks͒ after a 1000-Å-thick Cu deposition, as shown in Fig. 1͑c͒ . This reveals that a Cu͑001͒ lattice plane was rotated by 45°with respect to the Si͑001͒ one. We annealed the 1000-Å-thick Cu sample at 410 K for 2 h to improve the surface smoothness. The RHEED spots from the annealed sample become sharper as seen in Fig. 1͑d͒ . The growth behavior of the present Cu/ Si͑001͒ films is completely consistent with the previous studies. 14 -16 On the flat Cu͑001͒ surface we deposited a 40-Å-thick Co 35 Pd 65 alloy film. During the first 10 Å deposition, we observed no large qualitative change in the RHEED pattern, as shown in Fig. 1͑e͒, indicating 14 The ME coupling and stress of Co 35 Pd 65 films were measured by a highly sensitive optical deflection-detecting system employing a HeNe laser and a one-dimensional positionsensitive detector ͑PSD͒. Details of the measurement technique will be reported elsewhere. The ME coupling was determined from the curvatures of a substrate under an applied magnetic field along the sample length (1/R ʈ ) and width (1/R Ќ ) using the following equation:
where E s , s , and t s are Young's modulus, Poisson's ratio, and the thickness of the substrate, respectively, and t f is the thickness of the film. For the measurements of ME coupling, a sample with the cantilever geometry was prepared, where the ͓110͔ and ͓010͔ crystallographic orientations of the films were oriented along the cantilever length and width, respectively. In this geometry, the difference in the magnetostrictive stress at the saturation magnetization along ͓010͔ and ͓110͔ corresponds to the ME coupling of B 2 . The stress of an alloy film was determined using the well-known Stoney's formula as follows:
In Fig. 2 , we demonstrate a typical film force curve measured during the deposition of Co 35 Pd 65 alloy film on a Cu͑001͒ buffer layer. Here, the negative slope implies the existence of compressive stress. As shown in Fig. 2, a 17 This discrepancy of nearly 10% between the experimental and calculated misfit stress seems to be ascribed to a possibly imperfect Cu͑001͒ surface. From this stress evolution data, we could estimate a film strain using the relation, ⑀ϭ(1Ϫ f )/E f , under the assumption of isotropic epitaxial film stress. 7, 9 The inset of Fig. 2 shows the film strain as a function of alloy layer thickness. The estimated film strain also shows discontinuous strain relaxation at about 3 ML as mentioned above. In general, there are two possible mechanisms that cause stress relaxation in thin film growth: formation of misfit dislocations or three-dimensional ͑3D͒ islands. In our samples, the observed stress relaxation at 3 ML Co 35 Pd 65 alloy could be understood to be from partial relief of the misfit strain by the formation of 3D islands from the RHEED results shown in Fig. 1 . Figure 3 shows the longitudinal Kerr hysteresis loops and the low field magnetostrictive hysteresis loops measured with an applied magnetic field along the sample width and length at representative alloy thicknesses. No Kerr hysteresis loop is observed below 1 ML, which indicates the loss of ferromagnetism in this thickness range at room temperature. The first ferromagnetic Kerr hysteresis and magnetostrictive hysteresis loops appear at 2-ML, as shown in Fig. 3 . It is worthwhile to note that magnetostrictive hysteresis loops observed even in the 2-ML-thick alloy film clearly evidence a monolayer sensitivity of the present magnetostrictive stress measurement system.
From the curve of ME coupling versus alloy film thickness shown in Fig. 4 , it can be seen that the ME coupling is sensitive to the variation in the alloy layer thickness: 0.72 ϫ10 7 at 2 ML-3.31ϫ10 7 J/m 3 at 10 ML. In order to elucidate the thickness dependence of the ME coupling, we plot B 2 vs ⑀ in the inset of Fig. 4 , where the ⑀ is determined from the measured stress. The data fit to a typical first-order straindependent correction equation of B 2 ϭB b ϩC 1 ⑀ yields the dotted linear line in the inset, where B b is the bulk value for ⑀ϭ0. The estimated value of B b obtained from the linear fit is 6.04ϫ10 7 J/m 3 . Note that this value is two times larger than that of a bulk single crystal and, also, the fitted linear line is not in good agreement with the experimental data in the whole range. The first-order strain correction (C 1 ⑀) is not sufficient to describe the observed strain dependence of ME coupling. 10, 18 Therefore, it is necessary to introduce a second-order term in the strain dependent correction equation: B 2 ϭB b ϩC 1 ⑀ϩC 2 ⑀ 2 . 19, 20 The solid curve in the inset of Fig. 4 shows the result of fitting by using the second-order strain correction equation. The curve agrees well with the experimental data in the whole range of the determined strain, which clearly reveals that the second-order strain correction is better than a first-order strain correction to explain the observed behavior of the ME coupling versus strain in epitaxially grown Co 35 Pd 65 alloy films. The values of C 1 and C 2 are determined to be Ϫ0.54 and Ϫ0.31 MJ/m 3 , respectively. In addition, the estimated value of B b of 3.52 ϫ10 7 J/m 3 obtained from the second-order strain correction is in agreement with the value of the bulk single crystal alloy.
10,18 Accordingly, we conclude that the second-order strain correction is essential to describe the dependence of ME coupling on the film strain in Co 35 Pd 65 alloy in the ML regime.
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